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Abstract 

Protein kinase C (PKC) is a family of kinases that are critical in many cellular events. These enzymes are activated by lipid-derived second 
messengers, are dependent on binding to negatively charged phospholipids and some members also require calcium to attain full activation. The 
interaction with lipids and calcium activators is mediated by binding to the regulatory domains CI and C2. In addition, many protein-protein 
interactions between PKC and other proteins have been described. These include interactions with adaptor proteins, substrates and cytoskeletal 
elements. Regulation of the interactions between PKC, small molecules and other proteins is essential for signal transduction to occur. Finally, 
a number of auto -inhibitory intra-molecular protein-protein interactions have also been identified in PKC. This chapter focuses on mapping the 
sites for many of these inter- and intra-molecular interactions and how this information may be used to generate selective inhibitors and activators 
of PKC signaling. 

© 2007 Elsevier Ltd. All rights reserved. 
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1. Introduction 

In the 30 years of research into the human kinome, more 
than 400 human diseases have been linked to aberrations in 
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kinase-mediated signaling pathways [1]. Modulation of protein 
kinase activity has been a promising target for drug discovery, 
but the off-target effect of many kinase inhibitors due to high 
similarity between the kinase families has largely prohibited the 
use of these molecules in clinics. To design specific modulators 
of kinase function, a recent approach is focused on targeting 
intra- and inter-molecular interactions of this family of enzymes. 
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Fig. 1. The PKC family of isozymes consists of three classes: the classical 
(a, pi, pn, 7), novel (e, 8, 0), and atypical (£, X/l). The regulatory domain 
consists of the CI and C2 domains, and variable regions (V) 1-3. The VI region 
contains the ij/-substrate sequence (red) that binds the substrate binding site of the 
catalytic domain; the ij;- substrate sequence is the most well-known example of 
inhibitory intra- molecular interaction. The classical and novel families contain a 
duplicate of the CI domain (light blue) that binds DAG and its analogs, whereas 
the atypical family contains only one CI copy. The classical and novel families 
contain a C2 domain (dark blue), which binds tophosphatidylserine; the classical 
C2 binds PS in a calcium-dependent manner. The catalytic domain consists of 
the ATP binding domain C3 (light green) and substrate binding/catalytic domain 
C4 (dark green). The C-terminus of the protein contains the V5 domain, which 
contains some of the phosphorylation sites that regulate PKC activity. 

Protein kinase C (PKC), a family of serine/threonine kinases, 
provides an excellent example for the complexity of kinase- 
mediated signaling. Since first identified [2], the 10 members 
of the PKC isozyme family have been the subject of intense 
investigation in academia and in industry. PKC isozymes are 
highly homologous in their catalytic domain, and their regula- 
tory domains determine the response of individual members to 
activators. The family of classical PKC isozymes (a, Pn, 
y) are activated by the second messengers calcium and dia- 
cylglycerol (DAG), whereas novel PKC isozymes (s, 8, 0, r|) 
respond only to DAG (Fig. 1). The atypical family (£, k/i) are 
not responsive to either of the second messengers [3]. Upon 
activation, PKCs translocate from the soluble fraction to cellu- 
lar membranes, where they bind to anionic phospholipids [4], 
and are localized to diverse subcellular sites by binding to recep- 
tors for activated C kinase (RACKs), which anchor them nearby 
a subset of protein substrates and away from others [5 ]. Many of 
the isozymes are expressed in the same cells and respond to the 
same activators, but translocate to different intracellular sites to 
mediate unique and sometimes even opposing functions [6,7]. 
The complexity of PKC activation, such as targeting to unique 
subcellular sites to trigger diverse downstream signalling, is 
mediated by multiple isozyme-specific protein-protein interac- 
tions. Here we review a number of intra- and inter-molecular 
interactions that have been identified so far and how this knowl- 
edge has been capitalized to generate selective inhibitors and 
activators of the individual PKC isozymes. Though phosphory- 
lation of PKCs and other post-translational modifications of the 
enzymes play critical roles in maturation, activation and sig- 
naling through this family of protein kinases, these will not 
be discussed here as they have been previously extensively 
reviewed [8-101. 



Full-length structures of PKC isozymes are still unavailable, 
likely due to the high degree of flexibility and post-translational 
modifications within isozymes. However, the structure of each 
domain has been solved independently and two-dimensional 
crystals of oPKC present some evidence of the overall orien- 
tation of the enzyme [11]. Here, we will summarize the known 
roles for each domain of PKC and discuss the intra-molecular 
interactions that regulate the activation state of the enzyme, as 
well as inter-molecular interactions that determine the specificity 
of PKC signaling. We will also demonstrate how elucidation 
of the intra-molecular interactions within PKC can lead to the 
design of effective isozyme-specific activators and inhibitors of 
PKC function. 

2. Mechanism of PKC activation 

Cells sense the changes in their environment through sig- 
nal cascades initiated by receptors on the outer cell membrane. 
The signal transduction pathway that activates PKC consists 
of receptor-mediated activation of phopsholipases C, leading 
to hydrolysis of PtdIns4 9 5P 2 to produce DAG, as well as a rise 
in intracellular calcium levels [12]. Inactive PKCs are found in 
the soluble fraction of the cells, and translocate upon increases 
in cellular signaling to various membrane surfaces, where they 
bind anchoring molecules and phosphorylate neighboring pro- 
tein substrates [5] . 

The current model for the activation of the classical PKC 
isozymes suggests that calcium binding increases the affin- 
ity of PKC for phosphatidylserine (PS) at the cell membrane. 
This, in turn, enables the kinase to laterally 'search' for and 
bind DAG molecules that are found at low abundance in the 
membrane [13]. The binding of the two regulatory domains to 
the membrane releases the auto -inhibitory pseudosubstrate site 
(^-substrate) from the active site in the catalytic domain, pro- 
ducing conformational changes that leave the catalytic domain 
accessible to substrate binding and phosphorylation. The novel 
family of PKCs do not bind calcium, but have higher affinity 
for DAG as compared to the classical PKC family [12], pro- 
ducing a fine balance of responsiveness to similar activators 
for different isozymes. In addition to second messenger sens- 
ing domains, other PKC regions and domains, described below, 
participate in PKC activation and subcellular localization, result- 
ing in multi-step events leading to PKC activation, localization 
and function. 

Multiple PKC isozymes can be present in the same cell, and 
can translocate to different subcellular localizations in response 
to the same stimuli [6]. In order to explain this phenomenon, 
it was hypothesized that each individual PKC isozyme might 
have an isozyme- selective anchoring protein to which each 
PKC isozyme binds upon activation. These anchoring pro- 
teins, termed receptors for activated C kinase (RACKs), are 
hypothesized to anchor specific PKC isozymes at unique subcel- 
lular locations [5]. Thus, anchoring of a specific PKC isozyme 
to its respective RACK localizes that PKC isozyme in close 
proximity to its isozyme-specific protein substrates. Subcellu- 
lar translocation and binding to isozyme- selective RACKs can 
therefore bestow functional specificity for each PKC isozyme. 
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Two RACKs have been identified to date: the RACK for (3IIPKC, 
known as RACK1 [14], and the RACK for ePKC, known as 
RACK2 or (3'COP [15]. The specificity of PKC-RACK interac- 
tion is thought to be mediated by the C2 and the V5 domains, 
discussed in detail below, though further characterization of 
these proteins may elucidate more isozyme- selective interaction 
sites. 

In order to better understand isozyme-specific roles and acti- 
vation mechanisms, whole enzyme and individual PKC domains 
are used to study protein-protein interactions and translocation 
of PKC isozymes. The complexity of PKC signaling becomes 
increasingly apparent as our understanding of the mechanism 
of PKC function is elucidated. For example, the mechanism 
underlying PKC movement from the cytosol to the membrane is 
still debated. There is evidence that PKC translocation is depen- 
dent on cytoskeletal elements [16,17], yet studies calculating the 
accumulation of PKC at the membrane suggest that the translo- 
cation process is diffusion-limited (e.g., [18]). However, studies 
concluding that PKC translocation depends only on the speed 
of diffusion utilized over-expressed tagged PKC, whereas those 
favoring active transport were conducted with endogenous pro- 
teins. It is therefore possible that over-expression saturates the 
putative machinery required for active PKC translocation. If 
PKC translocation involves active transport along the cytoskele- 
tal elements, a new set of protein-protein interactions may be 
involved in the translocation mechanism. 

3. Chimera studies 

The high degree of similarity between PKC isozymes has led 
to the adoption of various approaches aimed at elucidating spe- 
cific roles of PKC domains in regulating PKC isozyme-specific 
functions. A number of these approaches have been recently 
reviewed [ 1 9,20 ] and will not be discussed extensively here. One 



approach to elucidate the role of different domains of homol- 
ogous proteins with minimal protein perturbation is through 
construction of chimera enzymes. This approach has helped to 
identify domains in PKC that provide unique properties for each 
isozyme, as well as the inter-domain interaction relationships. 
For example, chimera studies of regulatory domains of s and 
8 PKC have helped to understand the roles of these isozymes 
in cellular morphological changes, differentiation, prolifera- 
tion, and tumorgenicity. While the ePKC regulatory domain 
was shown to have a growth-promoting effect and its catalytic 
domain confers tumorgenicity, the 8PKC regulatory domain 
inhibits cell growth and the catalytic domain drives macrophage 
differentiation [21-23]. The catalytic domains of the chimeras 
sometimes affected the responsiveness of the regulatory domains 
to activators, suggesting complex contributions of the different 
domains to the overall PKC activation mechanism and a role for 
protein-protein interactions within the enzyme [24]. Chimera 
studies also showed that substrate specificity can be determined 
by the regulatory domain, suggesting that domains other than 
the catalytic core bind substrates or affect selectivity indirectly 
[25]. Therefore, a complex network of inter-molecular interac- 
tions with activators, substrates and regulatory proteins, as well 
as intra-molecular interactions between the domains, contributes 
to the unique activity of each PKC isozyme. 

4. Role of PKC domains in intra- and inter-molecular 
interactions 

4.1. The pseudosubstrate site 

A pseudosubstrate site (^-substrate), located in the 
N-terminus of the CI domain, was the first partner for intra- 
molecular inhibitory interactions described for PKC [26] 
(Fig. 2). This site, identified by Kemp and colleagues, mimics 




interaction 



Fig. 2. A schematic showing how some inter- and intra- molecular interactions are disrupted and others established when PKC is activated. PKC contains several 
intra- mole cular interactions that keep the enzyme in the inactive state. For simplicity, we focus on one such interaction between the RACK- binding site and a site in 
PKC that is homologous to the RACK sequence and is therefore termed pseudoRACK. These intra-molecular interactions can be disrupted spontaneously to create 
an open transition state. However, most of the time, the inter-molecular interactions are maintained. When there is a rise in diacylglycerol (DAG) (and calcium for the 
calcium-sensitive PKCs), or when cells are treated with the tumor promoter phorbol ester (PMA), the open state is stabilized by binding of the enzyme to membranes 
and the corresponding RACK, resulting in its anchoring nearby a particular substrate and away from others. The numerous intra- and inter- molecular interactions 
can be disrupted to yield selective regulators of PKC functions. 
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the substrate consensus sequence, except that instead of a 
phosphorylatable serine/threonine residue, there is an alanine 
within the PKC substrate consensus site. This feature enables 
the \\f- substrate sequence to bind to the substrate binding site 
in the catalytic domain without serving as a substrate for the 
enzyme. Mutation of this sequence (alanine for serine or for 
glutamate, to mimic the charge of a phosphorylated residue) 
abrogates the inhibitory intra-molecular interaction, resulting 
in activated PKC [27]. Interestingly, deletion of the ijj-substrate 
site did not abrogate the inhibitory effect of the regulatory 
domain of aPKC in the full-length enzyme [28]. It was therefore 
apparent that the v^-substrate sequence is likely to be one of 
several sites of inhibitory intra-molecular interactions. 

The i(i-substrate site is proposed to participate also in sev- 
eral inter-molecular interactions. It is rich in basic residues and 
was found to bind directly to acidic lipids in the membrane [29] 
to drive subcellular localization of recombinant proteins to the 
plasma membrane and cytoskeletal components [30]. In addi- 
tion, the i|/-substrate site binds to PKC substrates, such as ZIP 
[31]. Therefore, once released from intra-molecular inhibitory 
interaction with the catalytic domain, the ^-substrate may medi- 
ate a variety of inter-molecular interactions, bringing the kinase 
to its cellular substrates. However, since the ^-substrate in all the 
classical isozymes is identical and is quite well conserved among 
other isozymes (Argl9-Phe-Ala-Arg-Lys-Gly-Ala25-Leu-Arg- 
Gln-Lys-Asn-Val-His-Glu-Val-Lys-Asn36), it is unlikely that 
\\f- substrate alone can provide sufficient selectivity to explain 
the diverse location and functions of individual isozymes. 

4.2. The CI domain 

The CI domains in the regulatory domain of the classical 
and novel PKC isozymes bind the second messenger, DAG, as 
well as the tumor promoters, phorbol esters. The CI domain in 
both classical and novel families of PKC consists of two tandem 
repeats of cysteine-rich zinc fingers, A and B, that depend on 
zinc ions for both proper folding and function [32]; the atypi- 
cal PKC family has only one such subdomain. While both CI 
repeats are thought to be oriented for potential membrane inter- 
action and can bind DAG and phorbol esters, only one of the CI 
repeats usually binds this second messenger [33]. Interestingly, 
these subdomains differ between the isozymes in their binding 
affinity for DAG and phorbol ester. For example, a and 8PKC 
bind DAG with greater affinity in the CIA and phorbol ester in 
the CI B subdomain [34], whereas 7 PKC binds DAG and phor- 
bol esters equally well with both repeats. In addition, the yCl 
domain is not conformational^ restricted by other domains, as 
discussed below, allowing higher sensitivity of 7PKC to DAG 
increases than observed for aPKC [35]. Similarly, in the novel 
PKC family, the CI domain repeats of ePKC are much less con- 
formationally restricted as compared to the CI domain of 8PKC, 
thus allowing higher sensitivity to DAG for ePKC [36]. In this 
manner, PKC isozymes of the same family can be preferentially 
activated based on the amplitude of the signal generated upon 
cellular activation. However, not all ligands of the CI domain 
are activating: resveratrol, a polyphenolic phytoaxelin found in 
red wine, and an anti-tumor compound AD 198 compete with 



phorbol esters for the Clb binding site, but, although they cause 
association of PKC with membranes, they do not activate the 
enzyme [37]. 

In addition to DAG binding, the C 1 domain has been impli- 
cated in PKC targeting to subcellular sites through both lipid 
and protein interactions. aPKC can be activated by alcohols 
and anesthetics, which bind in spatially distinct regions from 
the DAG on the CI domain [38]. The C1B domain has been 
reported to be important for specific subcellular targeting of 
PKC to Golgi [39], possibly through arachidonic acid binding 
[40]. In addition, the CI domain of ePKC contains a unique 
motif between the two cysteine-rich repeats, which specifically 
binds to actin at cell adhesion sites upon activation of ePKC 
[41]. This motif is not available for protein-protein interaction 
when ePKC is inactive, indicating that conformational changes 
occur within the CI domain after PKC activation. The same 
region was also observed to be crucial for neurite induction [42]. 
Atypical PKCs shuttle from the cytoplasm to the nucleus and 
contain both a nuclear localization (NLS) and a nuclear export 
(NES) sequence in the N-terminal and C-terminal part of the CI 
region [43]. Together, these data indicate the importance of the 
CI domain not only in binding and responding to second mes- 
senger generation, but also in PKC isozyme- specific subcellular 
targeting and activation responses. 

4.3. The C2 domain — a site for lipid and calcium binding 

The C2 domain of the classical PKC family binds two to 
three calcium ions, which induce both electrostatic and confor- 
mational changes, as well as enable phosphatidylserine binding 
and membrane penetration of the domain [44]. The classi- 
cal PKC isozymes differ in their calcium binding affinities, 
cooperativity and stoichiometry of binding. Therefore, simi- 
lar to the difference in the response to DAG through the CI 
domains of each PKC isozyme, the C2 domains of the classi- 
cal PKC isozymes are differentially regulated by the amount of 
cellular calcium released in response to cell stimulation [45]. 
The C2 domains of the novel PKC isozymes share very low 
sequence identity with the classical C2 domains (~15%) and 
do not have a calcium binding site [46], rendering the novel 
C2 domain insensitive to calcium. Nevertheless, both classi- 
cal and novel isozymes have the same protein fold consisting 
of an eight-stranded, anti-parallel, beta-sandwich [47]. The C2 
domain of the novel PKC isozymes is regulated further by phos- 
phorylation, which increases the affinity of the domain towards 
membranes, possibly to substitute for the requirement for cal- 
cium [48]. 

The C2 domain binds to the membrane with its beta- sheet par- 
allel to the membrane surface [49], and in the case of aPKC, this 
position places the lysine-rich cluster, located on beta-strands 3 
and 4, to bind PtdIns4^P2 [50]. Retinoic acid binds both lipid- 
binding sites of the aC2: the site of calcium-mediated binding, as 
well as the lysine-rich cluster [51], Therefore, the C2 domain is 
regulated by at least two classes of cellular signaling molecules, 
calcium and lipids. Differential production of these signaling 
molecules is likely to regulate the activation of different PKC 
isozymes [52]. 
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Membrane binding is only a part of the function of the C2 
domain, and the importance of this domain in intra-molecular 
interaction is well documented [53]. The C2 domain affects the 
affinity of the CI domain to activators [54], and removal of 
this domain increases the sensitivity of PKC to DAG/phorbol 
esters [55 ]. The C2 domain activation through calcium binding 
can mediate association of the CI domain with lipids, such as 
arachidonic acid [56], and molecular modeling suggests that the 
CI domain may provide carboxylate or carbonyl groups of spe- 
cific amino acids for calcium binding of the C2 domain [57]. 
Interactions of the CI and C2 domains also provide means for 
PKC dimerization, an interaction that may also lead to cross- 
regulation of isozymes [58]. Together, these data suggest that 
the C2 domain participates in inhibitory intra-molecular inter- 
action with the CI domain which is broken upon increase of 
intracellular calcium, leading to a conformation change within 
the C2 domain and subsequent binding of the CI domain to 
DAG, resulting in further activation of the enzyme. 

4.4. The C2 domain — a critical domain for subcellular 
location 

A critical role for the C2 domain in anchoring of individual 
PKC isozymes to diverse subcellular sites has been demonstrated 
by a number of studies from our own laboratory. The first study 
to suggest a role for the C2 domain in protein-protein-mediated 
anchoring stemmed from an observation in 1992 that the C2 
domain is present in synaptotagmin (aka p65). p65 contains 
mainly two C2 domain repeats and the location of the pro- 
tein is in synaptic vesicles, a site where PKC is not present. 
We therefore reasoned that in addition to calcium sensing and 
PS binding activities, the C2 domain must mediate also unique 
protein-protein interactions. We subsequently showed that the 
C2 domain binds to the |3PKC -specific RACK with an affinity 
that is about 100 times lower than that of (3 PKC [59] and that 
peptides derived from the sequence that are most homologous 
between the C2 domains in p65 and in PKC are those containing 
the protein interaction sequences; peptides derived from these 
regions in the C2 domain of (3 PKC selectively inhibit (3PKC 
translocation and function [60] . 

Subsequent studies using the C2 domains of 8 and ePKC 
demonstrated that the C2 domain acts as a selective inhibitor 
of translocation and function of the corresponding isozymes. 
Using this fragment (amino acids 2-142) derived from 8 PKC 
and ePKC, we demonstrated that the two isozymes have oppos- 
ing roles in regulating contraction rate of heart muscle cells in 
culture [61]. Subsequent studies (described in part in another 
chapter in this volume) identified short peptides that correspond 
to the RACK-binding sites on the C2 domains; peptides cor- 
responding to these sequences acted as selective inhibitors of 
the respective isozymes. Table 1 summarizes some of the cell 
functions and potential disease association of individual PKC 
isozymes identified by using such peptide inhibitors of individ- 
ual PKC isozymes. 

Each C2 domain of the PKCs also contains a short sequence 
that is homologous to a sequence in their corresponding RACKs. 
This sequence, measuring 6-10 amino acids in length, was 



Table 1 



Examples of application of PKC regulating peptide in models of human diseases 



PKC Isozyme 


Mechanism 


Indications 


|aPKC 


Tumor proliferation 


Oncology 


| |3I/|3 IIPKC 


Cell growth 


Heart failure 




Insulin release 


Diabetes 


iyPKC 


Dorsal root signaling 


Pain, addiction 


|5PKC 


Reperfusion injury 


Myocardial infarction 






Stroke 




Fibroblast proliferation 


Heart failure 


f8PKC 


Apoptosis, free radicals 


Oncology 


|ePKC 


Nociception 


Pain 


fePKC 


Cytoprotection, preconditioning 


Organ transplant 


|0PKC 


Immune modulation 


Immune suppression 


fOPKC 


Immune modulation 


Immune enhancement 



termed pseudoRACK (v^RACK) site, for its homology with 
RACK. The first ifjRACK sequence was originally identified 
through a sequence comparison of f>PKC with its RACK, 
RACK1 [62]. The sequence SVEIWD in (BPKC (amino acids 
241-246) is homologous to the sequence SIKIWD in RACK1 
(amino acids 234-241), the puPKC-selective RACK [14]. It 
contains a relatively rare amino acid sequence WD, but also one 
apparent charge difference (K to E). We proposed and subse- 
quently demonstrated that this charge difference confers a lower 
intra-molecular affinity of the i|jRACK for the RACK-binding 
site within PKC as compared with the inter-molecular affinity of 
the RACK-binding site for RACK itself [63] ; the lower affinity of 
the intra-molecular auto-inhibitory interaction allows its disrup- 
tion and consequent binding of PKC to RACK. The involvement 
of v[/RACK sequences in auto -inhibitory intra-molecular inter- 
actions was demonstrated using three approaches. First, using 
ePKC as an example, we showed that a single amino acid 
mutation in the i|iRACK site alters the kinetics of enzyme acti- 
vation in cells [64]. Second, a peptide designed from this region 
activates the PKC isozyme from which it was derived, thus 
allowing isozyme-specific activity modulation [62]. Finally, a 
single amino acid substitution at the charged position to ala- 
nine rendered i(jeRACK inactive and a substitution to the charge 
found in the eRACK conferred higher affinity of the peptide for 
ePKC, and thus that peptide acted as a competitive inhibitor of 
ePKC with its RACK (Liron et al., submitted). Therefore, the 
i(/RACK site participates in an auto-inhibitory interaction, simi- 
lar to the i|/-substrate site, and activation of the enzyme depends 
on the disruption of this intra-molecular interaction (Fig. 2). 

Importantly, peptides corresponding to the ijjRACK sequence 
served as isozyme-selective activators and, together with the 
C2-derived inhibitors, helped identify isozyme-selective func- 
tions in vitro and in vivo (Table 1). Note that although these 
6-10 amino acid long peptides are not cell permeable, they 
can be readily delivered into cells by conjugating them to cell 
permeable arginine-rich polypeptide, such as antennapedia or 
TAT47-57 [63]. Conjugation of the PKC regulating peptide 
(cargo) to the carrier (Arg-rich peptide) was mediated by adding 
a cystine residue to each peptide and conjugation through an S-S 
bond. Because of the redox potential, this S-S bond likely breaks 
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inside cells, releasing the cargo, trapping it inside the cells and 
allowing it to interact with the target protein without steric hin- 
drance from the carrier [63]. We showed that this conjugate can 
be effectively delivered in vitro and in vivo, following intraperi- 
toneal, intra- arterial or subcutaneous sustained delivery, using 
an Alzet pump, without desensitization or adverse side effects. 

The C2 domain also participates in other types of inter- 
molecular interactions. Binding of PKC substrates, for example 
GAP-43 and lamin [65], has been shown to be stabilized by 
the C2 domain, and new modes of interaction, such as binding 
of 8C2 to phosphotyrosine peptides [66], have been described. 
In addition, a number of PKC regulating interactions through 
binding to the C2 domain have been reported, for example the 
interaction of PKC with calponin [67], calseqestrin [68], actin 
[69] and annexin V [70]. 

In the case of annexin V, we demonstrated a transient interac- 
tion between annexin V and SPKC that occurs in cells after 8PKC 
stimulation, but before 8PKC translocates to the particulate frac- 
tion [70]. Evidence of oPKC/annexin V binding is provided by 
both FRET studies on cells and by in vitro binding studies, where 
both the C2 domain and the V5 domain (see in the following) 
of 8 PKC and not sPKC bind to recombinant annexin V. We also 
found that depletion of endogenous annexin V but not annexin 
IV, using siRNA, inhibited oPKC translocation following PKC 
stimulation and that dissociation of the oPKC/annexin V com- 
plex in cells requires ATP and microtubule integrity. Further 
demonstration of the physiological importance of this interac- 
tion was provided by the use of a rationally designed eight 
amino acid peptide, corresponding to the interaction site for 
8PKC on annexin V. This peptide inhibited 8PKC translocation 
and 8PKC-mediated function [70]. A role for annexins in PKC 
activation may be a common theme in PKC signaling. Previ- 
ous reports suggest that individual PKC isozymes interact with 
unique members of the annexin family (e.g., pPKC/annexin I, 
ePKC/annexin II and aPKC/annexin VI) [71]. It is not known, 
however, whether as for oPKC and annexin V, the biological 
activity of other PKC isozymes requires a step of binding to 
annexin and whether this step precedes translocation of the cor- 
responding PKC isozyme. 

Together, the C2 domain inter- and intra-molecular interac- 
tions have been demonstrated to be critical for PKC activation, 
translocation, binding to protein substrates and anchoring. 
Importantly, inhibition of both intra- and inter-molecular 
protein-protein interactions via the C2 domain has proved to 
be a successful tactic for regulation of individual isozymes [63]. 

4.5. The V3 region 

The V3 region, sometimes referred to as the hinge region, is 
situated between the regulatory domain and the catalytic domain 
of PKC, and is highly accessible to proteolytic cleavage upon 
activation and conformational change of PKC [72]. Cleavage at 
the V3 region results in release of a constitutively active cat- 
alytic domain, suggesting that the majority or possibly all the 
inhibitory intra-molecular interactions occur between the regu- 
latory and catalytic domain. In 8PKC, proteolytic cleavage of 
this region is highly regulated by phosphorylation [10]. Though 



the V3 region is mostly known for its proteolytic sites, its impor- 
tance in protein-protein interaction has been suggested. The V3 
region is involved in targeting of a and ePKC to cell-cell con- 
tacts [73], binding of aPKC to (Bl-integrin [74] and potentially 
in targeting ePKC for ubiquitin-dependent destruction [75]. 

4.6. The catalytic domain and the V5 region 

The C3 domain, containing the ATP binding site, and the 
C4 domain, responsible for substrate binding, make up the cat- 
alytic core of PKC [76]. These domains are highly homologous 
between many kinases [77], and therefore will not be discussed 
in detail here. 

The carboxy-terminus of all PKCs contains phosphorylation 
sites, such as the turn, and hydrophobic motifs that are vital for 
kinase processing, localization, and activity [9]. Regulation of 
the V5 region autophosphorylation involves a balance between 
HSP70 and PDK1 binding, which protects the region from de- 
phosphorylation and degradation [78]. Crystal structure of the 
catalytic domain illustrates that the phosphorylation motifs par- 
ticipate in an intra-molecular clamp with the N-terminal lobe 
of the kinase and order both the structure of the domain and 
the activation loop [79], similar to that seen with AKT [80]. 
Interestingly, phosphorylation at the hydrophobic motif affects 
Ca 2+ affinity of PKC [81], demonstrating that the V5 domain 
interacts with the C2 domain. This interaction is terminated 
upon PKC activation [9], which releases both the V5 and the C2 
regions to participate in inter-molecular protein-protein, as well 
as lipid interactions [82,83]. In fact, there are multiple exam- 
ples of participation of the V5 domain in important interactions. 
For example, the V5 region of (3IIPKC drives translocation of 
PKC to nuclear membranes through binding to phosphatidyl- 
glycerol [84], and the V5 of aPKC contains a PDZ binding 
domain, which interacts with PICK for proper localization [85]. 
Similarly, (3IIV5 contains a RACK-binding site, and inhibition 
of this interaction blocks (3IIPKC specific signaling [82]. The 
RACK-binding site on V5 likely participates in inhibitory intra- 
molecular interaction with the i|/RACK site, located in the C2 
region, while PKC is in an inactive conformation [83]. Studies 
comparing the rate of translocation of the regulatory domain, iso- 
lated C2, and holo-enzyme also suggested that the aV5 domain 
interacts directly with the aC2 domain [86]. 

We recently demonstrated that the V5 and the C2 domain of 
ePKC bind to each other in vitro. A pulldown assay of MBP- 
eC2 was conducted with immobilized GST-eV5. eC2, but not 
8C2, bound to sV5 (Kheifets and Mochly-Rosen, unpublished 
results), demonstrating that intra-molecular interaction occurs in 
vitro between the V5 and the C2 domains of aPKC. Further, the 
data demonstrate that the affinity of the eV5 to the C2 domain is 
isozyme specific: the interaction between domains of the same 
isozyme is greater than between two different isozymes of the 
same family. 

Finally, in addition to participating in numerous intra- 
molecular and inter-molecular interactions, the V5 region 
contains a nuclear localization sequence (NLS), present most 
clearly in 8PKC, but to some degree in all V5 regions of 
PKC isozymes [87]. It is likely that abrogation of inhibitory 
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Fig. 3. PKC inter- and intra- molecular interaction sites mapped on individual PKC domains. (A) Interactions are mapped on the 8Clb domain (adapted from 1PTQ 
[93]) crystallized with PMA (stick figure) and zinc (green). Regions responsible for neurite outgrowth are indicated in green [42], nuclear localization sequence in 
purple [43], and golgi localization signal [94] in blue. Intersection of green and purple region is indicated in yellow. Lower panel shows the schematic of the domain 
with color-coded interaction regions. (B) Interactions are mapped on the aC2 domain (adapted from 1DSY [95]) crystallized with phosphatidylserine (stick figure) 
and calcium (green). Regions responsible for RACK binding (red [60]), PIP2 binding (dark blue [50]), lamin binding (green [92]) and the iJ/RACK site (purple [62]) 
are indicated. Intersection of green and red region is indicated in yellow. Lower panel shows the schematic of the domain with color-coded interaction regions. (C) 
Interactions are mapped on the iPKC catalytic domain (adapted from 1ZRZ [79]) crystallized with bis(indolyl)maleimide inhibitor (BIM1). Regions responsible 
for RACK binding (red [82]), nuclear localization sequence (purple [87]), phosphatidylglycerol binding (green [84]), PDZ interaction domain (black [85]), and 
V5/catalytic core interactions (light and dark blue [79]) are indicated. The front and back of the structure is shown for ease of visualization. Intersection of green and 
red region is indicated in yellow. Lower panel shows the schematic of the domain with color-coded interaction regions. 



intra-molecular interaction with both the catalytic core and the 
C2 domain upon PKC activation liberates the V5 region to par- 
ticipate in PKC targeting through protein-protein interactions. 
Together, these data indicate that the V5 region is a good target 
for design of isozyme-specific modulators of PKC activity. 

5. Lessons from intra- and inter-molecular interactions 
of PKC 

This review demonstrates that over 20 molecules (proteins, 
lipids, and second messengers) can interact with PKC through 
different domains in the enzyme and that there are several regu- 
latable intra-molecular protein-protein interactions within PKC 
(Fig. 3). We also show that modulators of these interactions 
provide effective isozyme-specific activators and inhibitors. A 
disruption of, or competition with, inhibitory intra-molecular 
interactions, such as those between the C2 and CI domains, and 
the C2 and V5 domains, appear to cause or stabilze a confor- 
mational change leading to activation of the enzyme. Proof of 
concept already exists for the inhibitory intra-molecular inter- 
action mediated by the i(/RACK sites in all the classical and 
novel PKC isozymes. Incubation of PKC with a peptide cor- 
responding to the i|/RACK sequence located in the C2 domain 
increases the enzyme sensitivity to proteolysis in vitro and leads 
to selective PKC activation in vivo [62,64,88]. These data sug- 
gest that the ijjRACK site interacts with the RACK-binding site, 
possibly on the V5 domain, and that incubation of the enzyme 
with the iJjRACK peptide stabilizes the open enzyme, shifting 
the equilibrium towards the active state [89] (Fig. 2). Since 
each PKC isozyme contains specific sequences that modulate 
its activation state, peptides derived from such isozyme-specific 
interaction sites activate only the PKC isozyme from which they 
were designed. In this manner, the first truly selective modulators 
of PKC activity were made. 



As the isozyme-specific PKC activator peptides were shown 
to be selective, the same concept was used to design inhibitors of 
one of the last steps of the PKC activation mechanism — binding 
of PKC to its RACK. Since each isozyme translocates to a 
unique subcellular site and phosphorylates a specific set of sub- 
strates at that location, it is highly likely that individual PKC 
isozymes bind to isozyme-specific RACKs. Disruption of both 
inter- and intra-molecular interaction using inhibitor and acti- 
vator peptides designed by these methods have been shown to 
modulate PKC translocation and function in cells, organs, and 
animal [56,57,79,85,87-90] (Table 1). 

Importantly, peptides corresponding to the interaction site of 
PKCs with their respective RACKs are not the only isozyme- 
specific modulators of interaction. Interaction of (3IIPKC with 
actin [90] and with phosphatidylglycerol [84] were success- 
fully disrupted using a V5 domain-derived peptide. Similarly, 
the interaction of ePKC with actin [91] was inhibited using 
a peptide corresponding to the unique actin binding site on 
ePKC. Interaction of aPKC with lamin was similarly disrupted 
with an aPKC -derived peptide designed from their interaction 
sequence [92], as was the binding with beta 1 integrin [74] from 
the respective interaction site. In addition, it was recently shown 
that interference with the mechanism of translocation, as seen for 
8PKC and annexin V, is also an effective and isozyme-specific 
method to modulate PKC activity and function [70] . 

6. Conclusions 

In this review, we describe a fine-tuned mechanism for the 
regulation of PKC involving a series of intra- and inter-molecular 
interactions. We demonstrate that in-depth knowledge of such 
interactions can lead to the identification of specific activators 
and inhibitors of PKC activity. Together, these data indicate 
that we can utilize the uniqueness and selectivity of intra- and 
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inter-molecular interaction of the PKC family of kinases toward 
the design of isozyme-specific modulators of PKC activity and 
function. As we progress in our understanding of interactions 
that occur within PKC and with other proteins, inhibitors or 
activators of these interactions will allow control of the activity 
of each isozyme in the system and stimulus of interest. As other 
kinase families share many similarities with PKC, knowledge 
gained from the study of the PKC family will greatly advance 
the goal of controlling the 400 human diseases linked to the 
aberrations of kinase-mediated signaling pathways. 
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